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Three-dimensional hierarchical patterning of metals is of paramount importance in diverse fields involving 
photonics, controlling surface wettability and wearable electronics. Conventionally, this type of structuring 
is tedious and usually involves layer-by-layer lithographic patterning. Here, we describe a simple process of 
direct nanoimprint lithography using palladium benzylthiolate, a versatile metal-organic ink, which not 
only leads to the formation of hierarchical patterns but also is amenable to layer-by-layer stacking of the 
metal over large areas. The key to achieving such multi-faceted patterning is hysteretic melting of ink, 
enabling its shaping. It undergoes transformation to metallic palladium under gentle thermal conditions 
without affecting the integrity of the hierarchical patterns on micro- as well as nanoscale. A metallic rice leaf 
structure showing anisotropic wetting behavior and woodpile-like structures were thus fabricated. 
Furthermore, this method is extendable for transferring imprinted structures to a flexible substrate to make 
them robust enough to sustain numerous bending cycles. 

Since the advent of Bronze Age (c. 3600-1200 BCE), metal forming is carried out at temperatures close to 
melting where the yield stress of a metal is low and the metal becomes 'softer', thus amenable to shaping into 
desired forms. This principle, termed as 'hot- working' in metallurgy, is the backbone of all the modern day 
metal forming processes 1 to produce not only day-to-day articles but also intricate metal structures involving 
hierarchical features with mixed length scales, albeit at macroscale. On the other hand, shaping of metals on a 
micrometer scale (and below) is conventionally carried out using lithographic techniques where a sacrificial 
polymeric resist pattern is made over which a metal film is deposited, and subsequently, the resist is removed by 
"lift-off. Unlike in the case of hot-working, producing hierarchical patterns on micron or sub-micron scale using 
simple lithography processes is not straightforward. Nonetheless, globally there is an intense research activity 
using lithography processes to produce ordered metal nanostructures which are of immense interest in plasmo- 
nics 2 , magnetic 3 , catalytic 4 and other applications. For producing metal surfaces with hierarchical patterning 
(MSHPs), direct laser writing 5 and x-ray lithography 6 have been the methods of choice on thick resists which is 
then translated to form a MSHP 7 ' 8 . For layer-by-layer patterning, optical and electron beam lithography tech- 
niques have been employed 5 . Undeniably, it is a huge challenge to produce MSHP using conventional lithography 
techniques. 

Direct patterning of metals via solution processable precursor routes that are amenable to lithography is an 
attractive alternative to conventional lithography techniques as it reduces the number of process steps. Till date, 
such routes using metal- organics as lithography resists, have been employed for simple two-dimensional pattern- 
ing of metals by direct write electron beam lithography 1011 and micromolding 1213 . For large area patterning, 
nanoimprint lithography (NIL) is ideal 14 , although direct imprinting of metal patterns has not been attempted 
thus far; there are examples related to metal oxides using precursors such as metal methacrylates 15 and alkox- 
ides 1618 . These precursors require polymer additives to make them imprintable, and the latter once cross-linked, 
are difficult to get rid of unless heated to a higher temperature. Another way to pattern metals is to imprint 
nanoparticle inks directly and sinter the particles to obtain continuous structures 19,20 , though sintering usually 
leads to inferior properties of the imprinted features. The present work is an attempt to fix such problems 
associated with direct write recipes in the context of NIL, which has been performed taking palladium (Pd) as 
an example. Our process utilizes the principle of hot working to shape the metal organic ink close to its melting 
temperature whilst lithography is used to produce three-dimensional hierarchical patterns, layer-by-layer stack- 
ing of metal patterns and embedding Pd structures in a flexible substrate. The entire process was carried out well 
below the melting point of Pd and without the "lift-off step. 
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Results 

The two important criteria that a metal-organic ink is required to 
qualify for direct NIL are the following: Firstly, it should have a well- 
defined transition temperature, T (analogous to T g in the case of 
polymers), above which it softens and flows smoothly into micro/ 
nano channels of the imprint mold (Figure 1), and secondly, it should 
undergo direct transformation to the desired nanomaterial under 
gentle thermal conditions. These aspects have been examined in 
respect of the chosen precursor Pd benzylthiolate prior to direct 
nanoimprinting. Thermogravimetric analysis (TGA) (Supplemen- 
tary Figure SI) showed that the residue resulting from the loss 
reached a constant value of 43% beyond 250°C, which, assuming 
that the residue corresponds to Pd metal, nearly matches with the 
expected weight loss (45%). Indeed, x-ray diffraction (XRD) of a 
thermolysed film showed crystalline Pd peaks with the film being 
relatively smooth as shown in the SEM image (Supplementary Figure 
SI). Thus, direct precursor to metal conversion was realized. Diffe- 
rential scanning calorimetry (DSC) of the precursor showed a sharp 
endothermic peak at ~ 120°C (Supplementary Figure SI), coinciding 
with melting of the Pd benzylthiolate (cycle 1). In repeated melt-cool 
cycles, the precursor showed DSC melting traces that are much shal- 
lower (Supplementary Figure SI). The irreversible nature of the melt- 
ing transition in the present case plays an important role in 
preserving the integrity of the patterns during thermolysis. At the 
same time, second shallow (i.e., surface) melting can be employed in 
creating interesting and versatile hierarchical structures. 



Direct two-dimensional nanoimprinting of Pd. Pd benzylthiolate 
dissolves well in many common organic solvents such as toluene, 
chloroform, acetone, etc., and forms smooth films when spin-coated 
(among others, chloroform solution gave the best films). The thick- 
ness of the film is highly controllable by varying the concentration of 
the precursor and the spin speed (Supplementary Table SI). The 
spin-coated Pd benzylthiolate film was imprinted by applying a 
pressure of —50 bar close to its melting temperature (— 120 U C) 
using a Si mold with 250 nm grating structures. During imprint- 
ing, the molten precursor filled the channels in the Si mold. After 
the imprinting process, the setup was cooled down to room temper- 
ature for demolding. Post-demolding, Pd benzylthiolate patterns on 
the substrate were obtained. Henceforth, the process is called as 
melting-induced direct NIL (MD-NIL). The as-imprinted patterns 
were —210 nm wide (Figures 2a and b) with a thickness of — 185 nm 
(Figure 2b and Supplementary Figure S2). After thermolysis at 250°C 
for 1 hr, the obtained Pd patterns shrunk to —100 nm (Figures 2c 
and d), with a thickness of —70 nm (Figure 2d and Supplementary 
Figure S2). In other words, the lateral (47%) and vertical shrinkages 
(38%) were due to the loss of the organic moieties. Thus, the distance 
between the features increased, while the pitch of the grating 
remained the same. An excellent imprinting yield of nearly 100% 
was obtained and this can be clearly seen in the photograph of the 
imprinted features (—2 um) over an area of 2 X 2 cm 2 (Figure 21 and 
Supplementary Figure S3). The diffracted color of the ambient light 
shows large scale homogeneity across the patterned area. Various 
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Figure 1 | Schematic illustration of the MD-NIL. ( 1 ) The spin coated Pd benzylthiolate film was imprinted using a Si mold (possessing —2 um grating 
structures) close to its melting temperature ( — 120"C) by applying a pressure of —50 bar. (2) During imprinting, the molten precursor flowed into and 
filled the channels in the Si mold, following which the setup was cooled down. (3) After demolding, Pd benzylthiolate patterns on the substrate were 
heat treated at 250°C for 1 hr to obtain Pd patterns. At (2) stage, (a) hierarchical patterning can be done using a different Si mold with smaller feature sizes 
kept at right angles to the imprinted Pd benzylthiolate patterns, (b) Second MD-NIL leads to hierarchical Pd benzylthiolate patterns, which was heat 
treated (c). Transfer stacking - (d) using (2) as a mold and (3) as a substrate placed at right angles with respect to orientation of Pd lines, Pd benzylthiolate 
lines can be (e) transfer stacked by MD-NIL and (f) heat treated to get Pd crossbars. Polycarbonate (PC) transfer - (g) using (3) as mold and PC as 
substrate, imprinting by subjecting PC to glass transition (Tg), (h) following cooling, demolding led to PC carrying Pd lines, (i) which was heated on a hot 
plate to embed the Pd lines underneath PC surface. 
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Figure 2 | Direct nanoimprinting of Pd down to sub-50 nm resolution. (a,c) SEM images of the as-imprinted and heat treated lines of Pd benzylthiolate 
with (b,d) showing magnified views and the AFM z-profiles below respectively. SEM image of the Pd pillars of high aspect ratio (e) before and (g) after heat 
treatment with the magnified SEM images and z-profiles in (f) and (h) respectively, (i) SEM image of the imprinted Pd features using 100 nm mold after 
heat treatment. AFM z-profile is overlaid. SEM images of 35 nm line features (j) as-imprinted and (k) after heat treatment. (1) Digital photograph of 
uniformly imprinted pattern of 2 um Pd gratings over large area, i.e., 2X2 cm 2 . SEM image of the (m) Pd nanotubes after heat treatment with AFM z- 
profile overlaid; magnified SEM and AFM images shown alongside (Inset shows tilted SEM image of the nanotubes before heat treatment) . (n) Hexagonal 
hole array of Pd after heat treatment. The minimum wall size between the holes after heat treatment is —23 nm. 



morphologies can be directly imprinted by suitably select- 
ing the Si mold (Supplementary Figures S4 and S5). Circular tall 
pillars of aspect ratio close to 2 were patterned (Figures 2e and f) 
using similar imprinting procedure (Supplementary Table SI). The 
imprinted pillars (—260 nm tall, — 150 nm wide) were intact and the 
aspect ratio is vividly seen in the case of a broken pillar shown in the 
inset (Figure 2e). After heat treatment, the pillar height decreased to 
— 160 nm and the width became —85 nm (Figures 2g and h). The 
present method of direct imprinting does not take away high 
resolution achievable by NIL. Imprinted Pd lines of —40 nm width 
(after shrinkage) can be obtained routinely (Figure 2i and Supple- 
mentary Figure S6). Using a mold with feature size —35 nm, Pd 
nanolines of width —30 nm were obtained (Figures 2j, k and Supple- 
mentary Figure S7). The residual layer between the Pd features can be 



seen in the image (Figure 2k) as it was not optimized to be devoid of 
residual layer at this point of time. It must be emphasized that the 
thickness of residual layer can be effectively controlled or elimi- 
nated completely by adjusting the concentration of the precursor 
solution. When the film thickness is more than the feature depth 
in Si mold, the residual or scum layer is always present. In order 
to produce isolated Pd features without the scum layer, the 
concentration of Pd benzylthiolate solution was varied so as to 
produce a thin film with thickness (—500 nm) less than the height 
of the recessed features (—2 urn) of the Si mold (Supplementary 
Table SI). Upon imprinting, due to capillary action of the mold, 
the precursor Pd benzylthiolate filled the mold, while leaving the 
gaps between the recessed features. This phenomenon draws an 
analogy with capillary force lithography which employs similar 



SCIENTIFIC REPORTS | 3 : 1078 | DOI: 10.1038/srep01078 



3 



concept for imprinting isolated polymer features 21 . An advantage of 
the present method is that there is no need of breakthrough etch, as is 
usually required in NIL 22 . Hollow Pd nanotubes can also be 
imprinted directly using an appropriate mold (optical image in 
Supplementary Figure S8). The SEM and AFM images in 
Figure 2m show the wall width of the nanotube as —100 nm with 
a height of —90 nm (overlaid AFM profile in Figure 2m) after heat 
treatment. The aspect ratio and morphology of the as-imprinted 
nanotube can be seen clearly in a tilted view (inset in Figure 2m). 
Uniform filling of the molten Pd precursor is the key for the 
successful imprinting of various morphologies including 
nanotubes. Similarly, hexagonal nano-hole arrays of Pd can be 
uniformly imprinted over large areas (Figure 2n and 
Supplementary Figure S9). They possess an average wall width of 
—23 nm after the heat treatment. 

Direct three-dimensional hierarchical nanoimprinting and trans- 
fer stacking of Pd nanopatterns. The direct MD-NIL method 
presented here can be employed for hierarchical patterning of Pd 
(see schematic in Figures la-c) by taking advantage of the hysteretic 
melting behavior of the Pd benzylthiolate precursor (Supplementary 
Figure SI). This is in contrast to hierarchical patterning of polymers 
by NIL, which was achieved by sequential imprinting steps 23 ; 
the second imprinting is usually done below T g . Hierarchical 



patterning with MD-NIL is illustrated in Figure 3, wherein a 
primary grating (line width— 2 urn) was used as a primary mold to 
imprint Pd benzylthiolate line gratings, over which finer gratings 
(—160 nm) were imprinted using a secondary mold (Figure 3a). 
The temperature, pressure and time of imprinting were optimized 
such that the primary structure did not collapse while imprinting the 
secondary structure on top of it (Supplementary Figure S10). 
Following heat treatment, the secondary lines were —50 nm wide 
and —25 nm tall over the primary line gratings of width —1.04 urn 
(see Supplementary Figure Sll for large area SEMs). The shrinkage 
was not exactly the same as was observed for simple two-dimensional 
imprinting (Figure 2) as the imprinting conditions were slightly 
different. 

Stacked patterns of the Pd gratings (Figures 3b-g) can also be 
created by the MD-NIL method. Initially, Pd benzylthiolate was 
imprinted using a —2 um grating mold and heat treated to obtain 
Pd patterns. In the second imprinting step, instead of using a Si mold, 
another as-imprinted (without heat treatment) grating of Pd ben- 
zylthiolate (2 um) was used as a mold for imprinting (see schematic 
in Figures ld-f). Upon imprinting under the optimal applied 
pressure (25 bar) and temperature (130°C), the Pd benzylthiolate 
grating on the second mold melted and got transferred to the bottom 
substrate (Figure 3b; see Supplementary Figure S12 for large area 
optical images). The second stack of the Pd benzylthiolate does not 
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Figure 3 | (a) Optical image demonstrating large area Pd hierarchical structures with a primary mold of 2 um gratings and secondary mold 
of 250 nm gratings. SEM and AFM images of Pd hierarchical structures - before heat treatment (to the left) widths of primary lines are 2 um and 
secondary lines are 160 nm with corresponding heights of 180 nm and 40 nm, respectively. After heat treatment (to the right), the primary lines are 
1.04 um wide with secondary lines of 50 nm, and corresponding heights are 105 nm and 25 nm, respectively, (b-g) Transfer stacking - (b) SEM image of 
the transfer stacked 2 um Pd lines and (c) after heat treatment, (d) Transfer stacked 3 rd stack in a tilted view; inset shows magnified image and (e) after heat 
treatment. A 250 nm grating stacked over another 250 nm grating (f) before and (g) after heat treatment. Images are false colored for illustration; blue 
color (l sl , i.e., primary line grating), light red color (2 nd stack) and green color (3 rd stack). 
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touch the substrate surface which is evident from the AFM profile 
(Supplementary Figure S13). Thus obtained patterns after transfer 
stacking can be subjected to heat treatment (Figure 3c). Another 
round of transfer stacking was performed using double stacked Pd 
lines as a substrate and freshly imprinted Pd thiolate grating as a 
mold (Figures 3d and e). The transfer stacking is possible with smal- 
ler features as well. Figures 3f and g illustrate a 250 nm Pd grating 
stacked over a bottom 250 nm Pd grating, as-imprinted and after the 
heat treatment, respectively. Here, an analogy can be drawn with the 
adhesion driven transfer printing 24 where the adhesion of the trans- 
ferred nanostructures can be kinetically switched between the host 
and the substrate. In the present case, the transfer stacking is 
mediated due to the melting of Pd benzylthiolate which facilitates 
the transfer to the bottom Pd lines. Importantly, the procedure is 
reproducible and can be extended to even finer features. It may be 
noted that the imprinting pressure chosen for transfer stacking is an 
important parameter as excess pressure can cause the top lines to sag 
towards the substrate leading to their cracking (Supplementary 
Figure S14). 

A preliminary measurement of reflectance of the Pd double stack 
(250 nm X 250 nm) in comparison to controls i.e., Pd film and 
gratings, has shown that double stack possesses increased reflectance 
(Figure S15). For Pd double stack, the reflectance reached ~ 100% at 
about ~2 urn, whereas for Pd film and gratings, the reflectance values 
were far below. First of all, it is not surprising to see the stop band 
with 2-layers, as the band gap shows up even for a double grating in 
metallic photonic crystals 25 . Although complete band gap was not 
observed, band edge (where the reflectance reaches 50%) was noted 
to be 0.65 um. Also, a small dip was observed in lower wavelength 
regime of Pd double stack structure (Figure S16). In the literature, 
periodic grating structures (double or single layer) are known to 
excite the surface plasmon polaritons (SPPs) 25,26 . Although Pd is a 
weak plasmonic metal, the effect of SPPs is clearly observable 27 , more 
so in angle-resolved spectra 28 . In the visible wavelength regime (< 2 
um), by varying the angle, it was observed that the dip does change 
the wavelength position but not the peak intensity or amplitude, 
which further reaffirms the excitation of SPPs 28 . 

Anisotropic wetting - hierarchically patterned hydrophobic metal 
surfaces. An interesting possibility with a MSHP is its tunable sur- 
face wettability. A superhydrophobic metal surface, for instance, 
finds crucial applications in heavy machinery and automotive 
industries 29 . However, realizing a superhydrophobic metal surface 
is rather difficult given that the metal surfaces are generally 
hydrophilic 30 due to the polar nature of the thin oxide overlayers, 
which get formed in the ambient 31 . The hydrophobic nature is 
imparted to metal surfaces routinely by replacing the oxide over- 
layers with self-assembling molecular monolayers 32 or by coating 
with polymer layers 33 , made of saturated, non-polar groups. These 
coatings may wear off due to their limited life-time, however while 
present, they prohibit direct access to the metal surface or cause 
significant chemical modification. Physical methods such as plas- 
ma etching 34 , laser ablation 35,36 and growing metal nanostructures 37 
have also been employed, which in general, produce disordered 
structures with some increase in hydrophobicity. MD-NIL can be a 
versatile method for producing hydrophobic metal surfaces without 
compromising the chemical purity, stability and edge roughness of 
the patterns. Going beyond the usual hydrophobic surface, MSHPs 
with typical feature length scales below ~ 1 urn 38 may be explored for 
anisotropic wetting 39 , wherein the contact angles along different 
directions on the surface may differ significantly 40 . The anisotropic 
wettability is generally qualified by the difference in static contact 
angles of water droplets measured in two directions, parallel and 
perpendicular to the stripes. Butterfly wing 41 and rice leaf 42 are 
examples from nature exhibiting such a property. Natural rice leaf 
possesses papillae of about 5-8 um arranged in parallel with 



innumerable pins of nanometer scale, which bring in the aniso- 
tropic wetting property 43 . Using MD-NIL, a MSHP mimicking rice 
leaf structure, i.e., metallic rice leaf, was obtained by first imprinting a 
primary grating with a 2 um mold, over which fine dimples 
(—200 nm) were patterned (Figure 4a and see Supplementary 
Figure S17 for SEM and AFM images). The water contact angle of 
the as-imprinted rice leaf structure was found to be 137°, which is 
comparable to that of a natural rice leaf 44 . After thermolysis, a Pd 
MSHP resulted and the contact angle in this case was surprisingly, 
only slightly lower ( — 130°), although the underlying surface had 
turned metallic and hydrophilic! More importantly, the hierar- 
chical patterns are well-ordered and smooth, unlike the ones 
produced by laser flashing 29 . In clear contrast to the behavior of 
the hierarchical pattern, the line patterns alone (without the 
second imprint) exhibited a much lower contact angle of 90.1°, 
and similar was the situation with only the dimple patterns (88°) 
(Supplementary Figure S18). For natural rice leaf, the values 
are 138.5° and 131.7° respectively 44 . For the metallic rice leaf 
fabricated here, the contact angles were 130° and 92°, respectively, 
in parallel and perpendicular directions, thus clearly depicting the 
anisotropic wetting. It is clear that the hierarchical structuring not 
only increases overall hydrophobicity but also gives rise to 
anisotropic wetting. In order to further increase the hydropho- 
bicity, a monolayer of hexadecanethiol molecule was adsorbed 
onto the metallic rice leaf by immersion in 1 mM of the thiol 
solution in ethanol. After 3 hrs of immersion, the substrate was 
taken out, rinsed and then the contact angles were measured. As 
can be seen from Figure 4b, the contact angles increased in both 
parallel and perpendicular directions to 152° and 125° respectively. 
Another important characteristic of hierarchical structures is that 
they can enhance the Raman signal of molecules adsorbed 45,46 . 
Palladium hierarchical structure is also found to enhance the 
Raman signal of the adsorbed thiol molecules (Figure 4c). The 
enhancement factor calculated taking into account the v(C-S) tran s 
stretch, following the procedure suggested by Yu et al. 47,48 , is 0.36 
X 10 5 (see Supplementary S19 for calculation). 

Transfer imprinting to flexible substrates. While flat inflexible 
substrates are relatively straightforward to use as substrates in 
direct nanoimprinting, flexible substrates carrying such metal 
patterns, although difficult to process, may find many interesting 
applications. To name a few, macroelectronics opens up new 
avenues while designing circuits for electronic textiles 49 , sensory 
skins 50,51 , liquid crystal displays or x-ray imaging devices 52,53 . How- 
ever, when flexible substrates are subjected to high temperature heat 
treatment (during thermolysis of the precursor), they undergo 
degradation as they cannot withstand the temperature. In fact, this 
factor limits the imprintability of various direct write precursors onto 
flexible substrates owing to high processing temperatures. In order to 
circumvent this problem, we developed the transfer imprinting 
method. This method involves transferring the fabricated Pd 
patterns after processing from a rigid substrate to a flexible sub- 
strate. Here the flexible substrate chosen was polycarbonate (PC) 
which possesses a glass transition temperature, T g ~150°C. NIL 
was performed by using the thermolysed Pd patterns on Si 
(Figure 5a and b) as a mold (see schematic 3g-i in Figure 1) and 
PC as substrate. Residual layer free Pd patterns were chosen for this 
purpose. While imprinting, the capillary action is more prominent 
along the walls of the recessed features of Si mold, which leads to 
raised sides of the Pd features as discernible from the cross section 
SEM (Figure 5a). When the PC substrate was taken through T g , 
softened PC flowed into the channels thus contacting the Pd lines 
all over. After cooling down of the setup, the PC substrate was 
demolded carrying the transferred Pd lines on its surface 
(Figure 5c). The Pd lines shown in cross-section in Figure 5d 
clearly illustrate that the PC film is in intimate contact with Pd on 
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(b) After Heat-Treatment (c) 




Figure 4 | Biomimicking. (a) SEM images of metallic rice leaf pattern (after heat treatment) with primary lines of 1.7 um and secondary pillars of 90 ran, 
and corresponding height of 170 nm and 60 nm, respectively, marked in the AFM profiles, (b) The contact angles in parallel and perpendicular direction 
of the metallic rice leaf lines differ due to anisotropic wetting. After hexadecanethiol absorption, the contact angle is increased in both directions, 
(c) Surface enhanced Raman spectrum of a monolayer of the adsorbed thiol molecules on Pd rice leaf compared with that from a drop of neat thiol. The 
peak observed can be assigned to v(C-S) trans stretch. The signal from the monolayer is of similar intensity as the bulk, due to SERS activity of the metallic 
rice leaf structure. 
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Figure 5 | Transfer imprinting of Pd lines to flexible polycarbonate (PC) substrate. Cross-section SEM images of the 2 umPd gratings (a) as-imprinted 
and (b) after heat treatment, with magnified views in the insets, (c) Pd lines transferred to PC substrate and (d) cross-sectional view showing a partially 
embedded Pd line into PC substrate (at a SEM tilt angle of 60°). The sample was coated with Au to avoid surface charging while imaging in SEM. 
(e-h) Optical micrographs of the Pd lines embedded inside PC substrate. Images taken while different planes of the substrate were in optical focus, from 
top surface to the bottom surface of the PC. Arrow marks indicate the dust particle as an identification marker, (i) I-V characteristics of Pd lines in PC 
while bending to various angles, with the inset showing a digital photograph of the PC substrate with Pd lines at a bend angle of 60°. The resistance of Pd 
lines at a bend angle of 60° for various cycles of (j) tensile and (k) compressive strain. 
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all the three sides. Importantly, the transfer imprinting method 
differs from the widely employed transfer technique to PDMS 
substrate (which is rubbery and permeable to gases 54 ) by thermal 
curing 55 . Embedding the Pd lines under the PC surface was 
achieved by heating the PC substrate carrying the Pd lines above 
T g again, during which the PC flowed and covered the Pd lines all 
around thus embedding them. Due to charging effects from the 
insulating PC substrate, cross section SEM was not possible. 
However, optical images (Figures 5e-h) taken from the top of the 
PC surface did not show any Pd lines. While focusing beneath the 
surface of PC, gratings became visible, revealing the embedded Pd 
lines (Figure 5g). This transfer imprinting method is general and can 
be extended to transfer of any patterned materials to flexible 
substrates. The electrical characteristics of PC substrate carrying 
the transferred Pd lines on surface were tested by subjecting it to 
bending. The I-V characteristics of the Pd lines did not change while 
bending the substrate even to an extreme bend angle of 90° 
(Figure 5i). To further check the stability of the Pd lines while 
bending, the device was subjected to bending cycles (at 60°) in 
tension and compression geometry (Figures 5j and k). The 
resistance remained constant for over 100 cycles. 

Discussion 

We have employed MD-NIL as a technique to directly imprint sub- 
50 nm metal hierarchical nanostructures. This method employs 
melting of the precursor as the key to fill the capillary channels of 
the mold during imprinting. In turn, the hysteretic melting of the 
precursor, enables fabrication of MSHP, which exhibit anisotropic 
hydrophobic wetting. The contact angles were significantly increased 
due to the hierarchical structuring and they differed in parallel and 
perpendicular directions of the water droplet. This anisotropy was 
further increased by chemical modification of the surface, i.e., by 
adsorbing a monolayer of thiol. The hierarchical pattern also acts 
as a Raman signal enhancer due to the surface structuring. By tuning 
the imprinting parameters, our method has been shown to poten- 
tially create metal patterns resembling woodpile structures at the 
nanoscale, which are of much demand as photonic crystals 56 . The 
present method provides a unique capability to pattern large areas 
with nanodomains with almost 100% yield. This may find wide 
applications in photonics, owing to the optical beam sizes ranging 
few microns in general. Further, the metal patterns were transferred 
to a flexible PC substrate which sustained without degradation to 
repeated bend cycles. 

Methods 

Pd benzylthiolate preparation. Benzyl mercaptan, palladium (II) acetate and toluene 
were purchased from Fluka, Alfa Aesar and Sigma Aldrich, respectively. Equimolar 
amounts of benzyl mercaptan was mixed with a solution of Pd acetate in toluene and 
stirred for 15 hrs. The unreacted Pd acetate residue was settled using centrifugation. 
The supernatant was separated and subjected to low pressure distillation in a rotary 
evaporator to remove the solvent. For further purification, the product was washed 
with acetonitrile to remove unreacted mercaptan and left to dry in a vacuum oven at 
room temperature. The product, Pd benzylthiolate, was a brownish-red colored 
powder. It was dissolved in chloroform to produce desired concentration. TGA 
(TA Instruments Q500) was used to determine the decomposition temperature of Pd 
benzylthiolate, while DSC (TA Instruments Q100) for melting point and in turn the 
imprinting conditions. 

MD-NIL. Si(100) substrates and molds were cleaned with piranha solution at 150"C 
for 2 hrs, followed by rinsing with deionized water and blow drying using a nitrogen 
gun. The substrates were kept in an oven at 100 C C for drying purpose, while the Si 
molds were treated with perfluorodecyl-trichlorosilane for 5 hrs to reduce their 
surface energy in order to facilitate a clean demolding after imprinting. Various types 
of molds were used for imprinting, namely, 2 urn, 250 nm, 100 nm and 30 nm 
gratings with equal line width and spacing, a dimple mold with 200 nm holes which 
were 400 nm deep and 20-50 nm self- assembled pillars. Imprint lithography was 
carried out in an Obducat imprinter (Obducat, Sweden). The Pd benzylthiolate 
solution (filtered using a 0.2 urn pore size filter) was spin coated at a spin speed of 
400-6000 rpm. During MD-NIL, Si mold was placed on top of the film and imprinted 
at elevated pressure (30-50 bar) and temperature (120 C) for —30 min using the 
Obducat nanoimprinter (Obducat, Sweden). After imprinting, demolding was done 



carefully leaving behind the structures on the substrate. The structured films on 
substrates were subsequently transferred to a Carbolite chamber furnace and heat 
treated at 250°C (at a rate of 10 C/min) for 60 min to remove the organics leaving 
behind Pd with negligible amount of carbon. For transferring Pd nanostructures onto 
flexible polycarbonate (PC) substrate, NIL was performed with PC as substrate and 
nanostructured Pd on Si as mold at 150 "C and 50 bars. 

Characterization. The imprints were imaged by an optical microscope (Carl Zeiss), 
field- emission scanning electron microscope (JEOL JSM-6700F, FE-SEM) and an 
atomic force microscope (Nanoscope® IV multimode AFM). X-ray diffraction 
diffractometer (Bruker D8 General Area Detector Diffraction System GADDS, XRD) 
was utilized for studying the crystallinity of the Pd thin film. A Rame-Hart digital 
contact angle (CA) goniometer was used to measure the surface wetting properties of 
hierarchical Pd films at room temperature. A deionized (DI) water droplet ( — 3 uL) 
was deposited gently on the sample surface using an automatic pipette, and a 
photograph of the water droplet was taken immediately with the goniometer camera. 
CA values were given by the DROPimage advanced software measurement. The CA 
values obtained from the software were cross-checked with the CA values measured 
manually using the printed photograph of the water droplet. An average was taken 
after a few point measurements. For each point, a few images were recorded and 
measured. For performing I-V measurements, a Keithley semiconductor 
characterization system model 4200-SCS was used. Metal contacts of Au were 
deposited by placing mask over the Pd lines on PC substrate and final contact to pads 
was made by means of silver paint. Raman spectra were recorded in the backscattering 
geometry using a 532 nm excitation from a diode pumped frequency doubled 
Nd:YAG solid state laser (model GDLM-5015L, Photop Swutech, China) and a 
custom built Raman spectrometer equipped with a SPEX TRIAX 550 
monochromator and a liquid nitrogen cooled CCD detector (Spectrum One with 
CCD3000 controller, ISA Jobin Yvon). 
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